ABSTRACT: The aim of this study was to gain a better understanding of the crystallization behavior of triethyl-citrate-plasticized poly(lactic acid) (PLA-TEC) and the influence of chitin nanocrystals (ChNCs) on this crystallization.. The isothermal crystallization behavior of PLA-TEC was studied by polarized optical microscopy (POM), scanning electron microscopy (SEM), differential scanning calorimetry (DSC), and X-ray diffraction (XRD). Interestingly, the addition of just 1 wt% ChNCs increased the crystallization rate in the temperature range of 135-125 °C.
INTRODUCTION
Poly(lactic acid) (PLA) is a promising biobased, biodegradable, nontoxic, and commercially available thermoplastic polymer that is manufactured from natural resources (e.g., corn and sugar beets) 1 . Furthermore, PLA has good mechanical properties (high stiffness and tensile strength), good optical properties (high transparency), and moderate barrier properties. However, PLA is brittle, and it has a low melt strength and slow crystallization rate 1 . The mechanical and barrier properties of PLA are highly dependent on its morphology and crystallinity 2 . The slow crystallization rate of PLA results in low crystallinity, which consequently limits its use in industrial applications 3 . Therefore, studies on improving the crystallization are crucial and fundamental aspect which need to be addressed.
One approach to enhance the crystallization of PLA is through the addition of plasticizers 4 .
4 (CNFs), CNCs, and clay (C30B) as additives for PLA nanocomposites. They observed that the addition of just 1 wt% CNFs and 1 wt% CNCs significantly improved the crystallization kinetics of PLA without affecting its transparency. They explained that the improved crystallinity could be a result of better nucleation abilities of the CNFs and CNCs than that of the nanoclay.
Furthermore, the added CNCs provided better crystallinity than the added CNFs.
The crystallization of PLA in the presence of various natural nanomaterials has been studied; however, the potential use of chitin nanocrystals (ChNCs) for this crystallization improvement has been explored to a lesser extent than that of CNCs. ChNCs are natural polymers that are generally found in the exoskeleton of arthropods (crustaceans and mollusks) 22 . ChNCs have low density, nontoxicity, biodegradability, and biocompatibility 22 . In addition to possessing good mechanical and thermal properties, ChNCs exhibit anti-microbial properties; as a result, they can possibly be used as nanoreinforcements in packaging applications, especially food packaging.
In the present study, the isothermal crystallization of plasticized PLA in the presence of ChNCs was studied. The main objective was to study the nucleation abilities of ChNCs and their effects on the crystallization rate and spherulite morphology. Thin films of neat PLA, plasticized PLA, pure ChNCs, and PLA-TEC-ChNC nanocomposites were prepared and their crystallization kinetics, crystallinity, and crystal size, as well as the spherulite morphology, were examined by differential scanning calorimetry (DSC), X-ray diffraction (XRD), polarized optical microscopy (POM), and scanning electron microscopy (SEM).
EXPERIMENTAL
Materials. High-molecular-weight PLA in the form of pellets, which was provided by FUTERRO (Escanaffles, Belgium), was used as a matrix polymer in the composites and as a reference material for the crystallization studies. The melt flow index (MFI) of the received PLA was 8 g/10 min (190 °C, 2.16 kg) and its L-isomer content was 99%, according to the supplier.
TEC in liquid form (≥99% with Alfa Aesar), molecular weight of 276.3 g/mol, purchased from WVR, Sweden, was used as the plasticizer.
ChNCs were used as the nanoadditives in the plasticized PLA; these nanocrystals were expected to affect the crystallization rate of PLA. PLA-ChNC nanocomposites were prepared using TEC as a processing aid for the compounding process as well as to enhance the dispersion of the ChNCs in the PLA matrix; further details of this preparation have been provided in our previous study 23 . The material compositions and sample codes are listed in Table 1 . The composition of the PLA-TEC-ChNC nanocomposite material (in wt%) was 79:20:1. PLA-TEC-ChNC nanocomposites have been described in detail in our previous studies 7, 24 . In brief, the ChNCs were prepared by acid hydrolysis of a purified chitin powder. The ChNCs were subjected to Preparation of ChNC films. Pure ChNC films were prepared by solution casting, after which the aqueous suspension of ChNCs (19.5 wt%) was evaporated and dried overnight in an oven at 80°C
. The thickness of the obtained films was measured using a digital micrometer (Mitutoyo, Japan); it was in the range of 20-40 µm. These films were used to better understand transcrystalline transformation. In order to observe this transformation, the films were 7 positioned as reported in the study of Gray et al. 19 . A thin film of ChNCs was inserted between PLA films and observed by POM, as shown in Figure 2 . Preparation of films of PLA-based materials. Pellets of neat PLA, PLA-TEC, and the PLA-TECChNC nanocomposite were compression-molded between steel plates to obtain films. Small amounts (2 g) of the pellets were first kept at 190 °C for 2 min under contact pressure, and after they melted, the pressure was increased from 0 to 10 MPa in 1 min. The films were subsequently cooled in air. The film thickness ranged between 20 µm and 40 µm. 25 . The polarized optical micrographs of the sample were recorded using a charge-coupled device (CCD) camera at various time intervals.
Polarized optical microscopy (POM
Atomic force microscopy (AFM). The size distribution of the ChNCs were determined by AFM;
a Veeco Multimode Scanning Probe (USA) with tapping mode. The length and width of the ChNCs were analyzed by Gwyddion software.
Scanning electron microscopy (SEM).
The surface morphologies of the TCL and the spherulites formed in the presence of the ChNC films and PLA-TEC-ChNC films were examined using a SEM apparatus (JEOL, JSM-6460LV, Japan) after the isothermal crystallization processes. To examine the transcrystalline morphology of the materials, the samples were etched with NaOH and ethanol (1:2 by volume). The etched surface was washed with distilled water. The film was rinsed 2-3 times with distilled water. The surfaces of these etched samples were then coated with gold by sputtering, and the acceleration voltage was kept at 5 kV.
Differential scanning calorimetry (DSC).
The Mettler Toledo DSC 822e (Switzerland) instrument was used to study how the addition of TEC and ChNCs affected the thermal properties and crystallization of PLA-TEC. Samples were placed in an aluminum pan, and then, the analysis were performed under a nitrogen atmosphere. The materials were isothermally crystallized in five steps. 
where ∆H m is the melting enthalpy, ∆H c is the cold crystallization enthalpy, and the constant 93.1
(unit: J/g) corresponds to the ΔH m value for 100% crystalline PLA 17 .
X-ray diffraction (XRD).
The effect of ChNCs on the crystallization of PLA was investigated using a PANalytical Empyrean diffractometer (Almelo, The Netherlands) with Cu-Kα radiation (λ = 1.5405 Å). Prior to the XRD measurements, the materials were isothermally crystallized in a manner similar to that in the previous experiments (at 125 °C for 30 min). The measurements were performed at an acceleration voltage and current of 45 kV and 40 mA, respectively, for 1 h over a 2θ range of 5°-60° (step size: 0.026°). Further investigation of the crystal size of the materials was performed using the Scherrer equation 27 :
Here, L is the crystal size (crystalline lamella thickness); K is the dimensional shape factor, also known as the Scherrer constant; λ is the radiation wavelength; B is the full width at halfmaximum (FWHM) value of different peaks; and θ is the Bragg angle. KBr to make pellets, and the obtained pellets were used for further studies.
Fourier transform infrared (FTIR

RESULTS AND DISCUSSION
Effect of TEC plasticizer on crystallinity. Figure 3 shows the results of POM studies of the effect of the TEC plasticizer on the crystallization of PLA at the three crystallization temperatures of 135 °C, 130 °C, and 125 °C. As the first step, the material was cooled from the melt state to 135
°C and kept at this temperature for 5 min, 10 min, and 15 min. The crystallization rate was found to be very slow, and only a few spherulites were visible on the interface between PLA and PLA-TEC; these spherulites grew slightly with increase in time. When the crystallization temperature was decreased to 130 °C, nucleation already began to occur more noticeably at the interface after 5 min, and after 15 min, a TCL was formed and some large spherulites were visible in the plasticized PLA. However, almost no spherulites were observed in the PLA film. At the lowest temperature, i.e., 125 °C, crystallization initially occurred at the interface and spherulites inside PLA-TEC underwent nucleation at 5 min. At 10 min, the heterogeneous nucleation improved, which resulted in the formation of the TCL; at 15 min, the TCL became more prominent. Both 11 bulk nucleation and heterogeneous nucleation occurred rapidly at this temperature, and consequently, the number of spherulites increased. Small spherulites were formed at 15 min at the crystallization temperature of 125 °C, and the size of spherulites at this temperature was smaller than that at 130 °C; this result indicated that temperature influences the spherulite size.
The spherulites were observed to have a typical Maltese-cross pattern spherulites 28 with negative birefringence 29 at this temperature. Some small spherulites were also formed at the periphery of the larger ones. Further crystallization of PLA-TEC was performed in the presence of a thin film of the PLA-TEC-ChNC nanocomposite, as shown in Figure 5 . The crystallization rate of PLA improved.
Both bulk nucleation (which refers to nucleation that occurs in all directions, especially inside the PLA-TEC-ChNC film) and heterogeneous nucleation also improved, as is clearly revealed by the growth of a larger number of spherulites in Figure 5 . Initially, the crystallization was performed at 135 °C, and more spherulites were visible inside the PLA-TEC-ChNC film at this
temperature. Figure 5 also shows that the ChNCs induced an increase in the overall rate of crystallization of PLA-TEC. Then, the crystallization was performed at 130 °C, and the rate of bulk nucleation improved further at this temperature. Most importantly, multi-ring-banded spherulites were observed at this crystallization temperature. Finally, crystallization was performed at 125 °C. At this temperature, bulk nucleation occurred at an extremely rapid rate, even at 5 min. The formed TCL was clearer after 5 min, and at 15 min, the surface of the PLA-TEC-ChNC film was almost fully covered with the spherulites. In addition to negative type spherulites, some neutral types were also observed at this temperature. Figure 9 shows the crystallization of PLA-TEC in the presence of the pure ChNC film. Crystallization was first performed at 135 °C;
Effect of pure ChNC film on crystallization of PLA-TEC.
at this temperature, nucleation occurred mainly at the interface between the ChNCs and the PLA-TEC film, which indicated the good nucleation ability of the ChNCs. The number and size of the spherulites increased after 10 min, and a very prominent TCL was observed after 15 min. When the crystallization temperature was decreased to 130 °C, both bulk nucleation and heterogeneous nucleation improved and spherulites were observed in the vicinity of the ChNC film. Notably, ring-banded spherulites were also observed at 130 °C, and the TCL was thicker than that observed at 135 °C. When further crystallization was performed at 125 °C, the bulk nucleation improved greatly and numerous spherulites were observed inside the PLA-TEC film. . Maiza et al. 4 reported the same trend in their study of the plasticizing effect of TEC on the properties of PLA; they observed that T g decreased with an increase in the TEC content. The reduction in the T g , T m , and T cc of PLA with the addition of TEC were due to the higher flexibility of the polymer chains in the presence of plasticizers 33 . However, the incorporation of 1 wt% ChNCs into PLA-TEC did not lower the Table 2 ) may be because of the plasticizing effect of TEC. planes, respectively 36 . Among them, the strongest peak, observed at 16.7°, was assigned to the α-form of PLA 37 . In addition, some weak diffraction peaks were observed at 20.7°, 24.0°, 24.9°, 27.3°, 29.3°, and 31.1°. The peaks at 24.0° and 24.9° were ascribed to the αʹ-form of PLA 38 .
Furthermore, the diffraction peak at 29.3° may have originated from the β-form of PLA, which is consistent with a previous finding 39 (2θ = 29.7° for the β-form of crystals). The peaks at 12.3° and 20.7° could be assigned to the D-form of PLA, since similar peaks at 2θ = 12.0° and 20.8°
were reported by Han et al. 40 The XRD profile of PLA-TEC shows intense diffraction peaks, and it reveals that the intensity of the α-form of PLA was higher than that of its αʹ-form. The intensity of the peaks of PLA-TEC increased slightly with the incorporation of the ChNCs, and the positions of the peaks shifted to the left. The shift in the peak position suggests that PLA-TEC has a unit cell structure different from that of PLA; this, in turn, indicated that the incorporation of the ChNCs altered the crystal structure of PLA. The overall intensity of the peaks of the PLA-TEC-ChNC nanocomposite was higher than that of PLA-TEC. A total of three forms of PLA-the α-form, αʹ-form, and β-form-were observed. The effect of addition of ChNCs on the interactions between the PLA chains and TEC was analyzed by FTIR spectroscopy. The FTIR spectra of PLA, PLA-TEC, and the PLA-TEC-ChNC nanocomposite are shown in Figure 15 ; the peaks at 2997 cm -1 and 2945 cm -1 in these spectra are ascribed to the asymmetric and symmetric stretching 41 , respectively, of CH 3 . However, the peak at 2881 cm -1 is ascribed to the -C-H stretching of CH 3 . The peaks originate from 1759 cm -1 and 1188 cm -1 , respectively, the characteristic carbonyl (-C=O) and -C-O-C stretching of PLA 41 .
The intensities of the C-O and C=O peaks increase with the addition of TEC and the ChNCs, and these peaks shift toward lower wavenumbers. Furthermore, weak peaks observed at 1658 cm 
After simplification, equation 3 can be rewritten as 26 (4) where G 0 is a pre-exponential factor and U* is the activation energy required for the transportation of the polymer segments across the interfacial boundary between the melt and the crystals, and its value is 6280 J/mol. R is the gas constant; T c is the isothermal crystallization temperature; and T ∞ is the temperature below which diffusion stops, and it usually equals to T g -30 K. Further, K g is the nucleation constant; ∆T is the degree of supercooling, which is expressed 45 ; the corresponding plots are shown in Figure 16 , and the observed values are listed in Table 4 . The value of nucleation constant for heterogonous or secondary nucleation can be calculated as follows:
where n is a constant whose value depends on the crystallization regime; b is the layer thickness, which is equal to 5.17 × 10 -10 ; σ and σ e are the lateral and folding surface free energies, respectively; and k is the Boltzmann constant. Figure 18 ; the K g values were calculated from the slopes of the fitted lines and are listed in Table   28 4. It can be seen from Figure 18 Results of the Lauritzen-Hoffman analysis are presented in Table 4 . It can be seen that the values of the nucleation constant (K g ) and surface free energy (σ e ) of PLA-TEC and the PLA-TEC-ChNC nanocomposite were decreased compared to those of PLA. These decreased values indicated that TEC and the ChNCs acted as barriers for primary nucleation. showed that the addition of ChNCs improved the crystallization rate of PLA and altered the morphology of the formed spherulites. Interestingly, ring-banded spherulites were formed at 130 °C, and rarely found neutral-type spherulites were also observed at 125 °C. The SEM study revealed an interesting nucleation effect of the ChNC nanoparticles on PLA-TEC, which resulted in different lamellar structures of spherulites. The DSC results showed that the T g of PLA reduced upon addition of TEC, whereas it was comparatively higher after the addition of ChNC.
This shows the good nucleation ability of the ChNCs. Additionally, the hump of the second melting peak of in the PLA-TEC-ChNC nanocomposite were extremely prominent. The XRD results also confirmed the importance of the ChNCs, as some additional peaks were observed due to their presence. The Lauritzen-Hoffman nucleation theory revealed a decrease in the nucleation constant (K g ) and the surface free energy (σ e ) of PLA with the addition of ChNCs, indicating good nucleation ability of the ChNCs. Furthermore, knowledge of specific crystallization temperatures gained from this study can also be utilized during the processing of PLA-based nanocomposites to achieve films with better barrier and physical properties.
